Methods:
Six Canadian emergency departments participated in the study from Jan. 1, 2009 , to Aug. 31, 2011. At the 3 intervention sites, there were 3 consecutive 26-week phases. In phase 1, no interventions were implemented. In phase 2, we activated strategies to implement the ankle rule, including physician education, reminders and a computerized decision support system. In phase 3, we included only the decision support system. No interventions were introduced at the 3 pair-matched control sites. We examined the management of ankle injuries among children aged 3-16 years. The primary outcome was the proportion of children undergoing radiography.
Results:
We enrolled 2151 children with ankle injuries, 1055 at intervention and 1096 at control hospitals. During phase 1, the baseline frequency of pediatric ankle radiography at intervention and control sites was 96.5% and 90.2%, respectively. During phase 2, the frequency of ankle radiography decreased significantly at intervention sites relative to control sites (between-group difference -21.9% [95% confidence interval [CI] -28.6% to -15.2%]), without significant differences in patient or physician satisfaction. All effects were sustained in phase 3. The sensitivity of the Low Risk Ankle Rule during implementation was 100% (95% CI 85.4% to 100%), and the specificity was 53.1% (95% CI 48.1% to 58.1%).
Interpretation: Implementation of the Low Risk Ankle Rule in several different emergency department settings reduced the rate of pediatric ankle radiography significantly and safely, without an accompanying change in physician or patient satisfaction. Trial registration: ClinicalTrials.gov, no. NCT00785876.
structure to support implementation of the intervention strategies. We matched intervention sites to control sites based on the following demographics: hospital type, annual census and characteristics of pediatric ankle injuries and emergency physicians. Sites included universityaffiliated pediatric emergency departments (Pediatric) in 2 children's hospitals, general emergency departments (General) in 2 urban university-affiliated teaching hospitals, and community emergency departments (Community) in 2 suburban hospitals with a limited teaching and academic mandate. One of the intervention sites (Pediatric) was part of the original validation of the Low Risk Ankle Rule. 4 Patients were enrolled from Jan. 1, 2009 1, , to Sept. 30, 2010 , at the Pediatric and Community emergency departments, and from Jan. 1, 2010, to Aug. 31, 2011, at the General sites.
Study population
We targeted the emergency physicians at the intervention sites for the intervention strategies. At the Pediatric hospitals, the emergency department was staffed by pediatricians, some also trained in pediatric emergency medicine. At the General and Community hospitals, emergency physicians were trained in emergency medicine.
Children between 3 and 16 years of age presenting with an isolated acute, nonpenetrating ankle injury were eligible for application of the Low Risk Ankle Rule. Children were excluded if they presented to the emergency department more than 72 hours after the injury occurred or with prior radiographs, had developmental delay (i.e., limited ambulation, inability to localize pain), were at risk for pathologic fractures or had recent prior history of injury to the same ankle.
Definitions
The Low Risk Ankle Rule states that if a child with an ankle injury has a low-risk examination (i.e., tenderness and swelling isolated to the distal fibula and/or adjacent lateral ligaments distal to the tibial anterior joint line), ankle radiography may not be necessary to further exclude a highrisk ankle injury (Figure 1) . 4 A high-risk injury includes any fracture of the foot, distal tibia and fibula proximal to the distal physis, tibiofibular syndesmosis injury and ankle dislocations. Lowrisk ankle injuries include lateral ankle sprains, nondisplaced Salter-Harris types I and II fractures of the distal fibula, and avulsion fractures of the distal fibula or lateral talus, 4 which can all be managed functionally by supportive splinting and return to activities as tolerated by the patient. 
Study interventions and administration

Intervention sites
During phase 1, emergency physicians completed a study data collection form detailing clinical findings, diagnosis and management, and physician satisfaction. Phase 1 served as an internal control at these sites with no measures to encourage rule use. In phase 2, a multimodal intervention strategy was introduced to encourage use of the Low Risk Ankle Rule based on knowledge of barriers to implementing strategies, 6, 8, 9 available evidence 7,10-17 and consultation with knowledge transfer experts. Emergency physicians underwent a teaching session and were provided with pocket cards that outlined the use of the ankle rule. Wall posters reviewing the rule were displayed in the emergency department, and charts of children with ankle injuries were flagged. Physician champions were identified at each site. We also provided a computerized decision support system for physicians to enter key clinical variables that would automatically generate the recommendation of the ankle rule for radiography. This system was not linked to ordering of ankle radiographs nor was it a requirement to complete clinical care. The data collection form from phase 1 was modified to include the ankle rule and related management strategy, whether the rule was followed and reasons for nonadherence. During this phase, physi- cians could detail the physical examination and use of the rule on the study form or the decision support system. Finally, physicians were trained to manage all low-risk ankle injuries in children (with or without radiography) with a removable immobilization device (e.g., brace), crutches as needed for pain and return to activities as tolerated. During phase 3, the only intervention strategy retained was the decision support system.
Control sites
No efforts were made to alter the usual emergency department procedures during the study period, and no patient-level physical examination data were collected to minimize any observer effects.
All sites
Emergency department patient logs were reviewed via tracking systems to ensure identification and data capture for all eligible participants. Consultant radiologists reported on all radiographs within 48 hours, and this diagnosis was considered conclusive. Where there was diagnostic uncertainty or no radiograph taken, we determined the final diagnosis by reviewing the emergency department notes, follow-up images or clinic notes; and/or by consensus between the collaborating radiologist and orthopedic surgeon. We contacted enrolled families by telephone on days 7 and 28 after the initial emergency department visit. For children who had not returned to baseline activities, we followed up again at 12 weeks. Parents were questioned about their satisfaction with the initial emergency department visit (on day 7), the clinical status of the child, imaging performed after the emergency department visit, physician visits and new diagnoses.
Outcomes
The primary outcome was the proportion of eligible participants who received radiography. Because radiographic images were digitally stored on institutional digital archiving systems, records of radiography performed were complete and accurate. Secondary outcomes included the following: proportion of children with missed significant fractures for any reason per month as determined by available follow-up imaging, clinic records or parental report; proportion of children per month who did not receive ankle radiography in the emergency department but who subsequently underwent radiography; total length of stay in hours for pediatric ankle injuries measured as difference in discharge to triage time; and emergency physician and patient satisfaction measured on a 5-point ordinal rating scale (very satisfied, satisfied, neutral, unsatisfied, very unsatisfied).
Statistical analysis
We used Monte Carlo simulation methods 18 to estimate the power of the interrupted time series regression model to detect a minimally important treatment effect of a 20% reduction in rates of radiography. 6 This power simulation required the following estimates derived from site administrative data: no secular trends were present in the radiography rates; an average of 4.5 ankle injuries per week per site or 2100 injuries across 78 weeks and 6 sites; and 97% radiography of these injuries. Using these methods, test power was estimated to be 95%.
We analyzed the primary outcome, proportion of radiographs, using a general linear model with a compound symmetry error structure to account for the clustering of observations within hospitals. We used a linear link function so that the effect of the Low Risk Ankle Rule could be given as the estimated difference in the probability that radiography was not ordered. Analyses of the secondary outcomes were performed using the interrupted time series "difference of difference" method. [19] [20] [21] We implemented these analyses using a linear regression model that incorporated hospital site-specific indicator variables to control for unobserved time-invariant, site-specific factors that affected the specific outcome. We estimated the parameters of the time series regression model using ordinary least squares and estimated standard errors using methods that were robust to autocorrelation and heteroscedasticity. To ensure that hospital-specific temporal changes did not confound the results of our secondary analyses, we used a regression model to examine the temporal trends of secondary outcomes at intervention and control hospitals during phase 1 of the study. We measured the ankle rule's performance by determining the sensitivity, specificity, negative and positive predictive value, and likelihood ratios. We calculated the sensitivity of the rule according to its ability to detect high-risk injuries, and we used the rule's identification of low-risk injuries to estimate the specificity. All analyses were performed using Stata 10.
Ethics approval
The study was approved by the Hospital for Sick Children Research Ethics Board and the research ethics boards at all participating sites. No consent was required for collection of radiography data. Consent was obtained in the emergency department for study telephone calls. When consent did not occur in the emergency department, all but 1 site (Pediatric Control) permitted a letter to be sent to families informing them of the study telephone calls and the process for opting out of the study.
Research
Results
We enrolled 2151 patients, 1055 at intervention and 1096 at control sites (Figure 2 ). Radiography data were obtained for all patients who met the eligibility criteria. Follow-up was achieved for 81.7% of participants at the intervention sites for the outcomes of missed high-risk injury, followup imaging and patient satisfaction. We collected the physical examination data for 694 (65.7%) of the participants at intervention sites. During phases 2 and 3, the decision support system was used to record data for 89.8% of patients (386 of 430 patients enrolled during phases 2 and 3 at intervention sites where data collection was completed by physicians either by paper form or computer decision support system). Table 1 describes the baseline characteristics of participating patients and physicians.
During phases 2 and 3, use of the ankle rule was recorded in 68.5% of patients (430 of 628 patients enrolled during phases 2 and 3 at intervention sites). The physician followed the rule recommendations for 350 (81.4%) of these patients. The reported reasons for nonadherence in the remaining 80 were as follows: fear of missing a significant fracture (25 [ There was a 21.9% reduction in weekly ankle radiography at the intervention sites from phase 1 to phase 2 compared with control sites ( Table 2 ). The reduced rate of radiography was sustained in phase 3 at the intervention sites. There were no significant differences in the effect of the ankle rule on rates of ankle radiography between hospital types (Pediatric v. General, p = 0.1; Pediatric v. Community, p = 0.7; Community v. General, p = 0.2). The implementation of the ankle rule did not significantly change length of stay, nor were there any significant differences in patient or physician satisfaction, missed significant fractures or frequency of follow-up radiographs. There were no significant temporal trends during phase 1 for the study outcomes. The impact of the ankle rule by specific hospital type is detailed in Appendix 1 (available Table 3 . There was no statistically significant difference between sites in sensitivity (p = 0.4) or specificity (p = 0.6) of the ankle rule. In phase 1, had the ankle rule been applied, it might have missed 1 significant fracture. This was in a 13-year-old boy who received a diagnosis in the emergency department of a stable Salter-Harris type II fracture of the fibula, whose subsequent radiology report suggested an additional distal tibial avulsion fracture. However, in the absence of any callus in subsequent radiographs, this finding was felt to be an anatomical variant.
Research
Interpretation
This study showed that an active multimodal strategy to implement the Low Risk Ankle Rule in several different emergency settings led to a significant reduction of radiography in children who presented with acute ankle injuries, without an increase in missed clinically important fractures or a decrease in satisfaction among physicians or parents. The sensitivity of the rule was high, with preservation of adequate specificity to provide a clinical benefit from applying the rule.
With application of the ankle rule, the frequency of pediatric ankle radiography was reduced by about 22%. The effect of the ankle rule intervention strategy on rates of radiography was comparable across different emergency settings and was similar to that of the Ottawa Ankle Rules applied in adults. 14, 15, 17 Further, we found a 98% sensitivity and a potential reduction of about 50% of radiography procedures, which is consistent with the previously reported performance of the Low Risk Ankle Rule in 2 validation studies 4, 22 and is in keeping with recommended standards for high-performing clinical prediction rules. 23 Two of the intervention sites did not participate in previous validation studies of the ankle rule, which provides external validation of the rule's high sensitivity. At intervention sites, clinicians successfully managed about 95% of the low-risk injuries with a symptomatic care management strategy, which supports prior research showing that this management strategy is effective and safe for lowrisk ankle fractures. 5, 24 The Low Risk Ankle Rule did not achieve the full potential reduction in radiography reported in validation studies. 4, 25 However, our results are consistent with other research on implementation of clinical prediction rules in emergency departments, which has shown reductions in imaging of up to 28% but also increases by as much as 15%. 11, 12, [14] [15] [16] Several factors may have lead to more frequent radiography in this study. We reported a lower specificity of the ankle rule compared with that in the original validation study. 4 During the validation studies 4 , 2 2 all patients received radiography, which gave physicians the confidence to document only the tenderness that they considered clinically significant. In this study, without the safety net of radiography, physicians may have documented tenderness more liberally out of fear of missing a high-risk injury, leading to more imaging of injuries considered low-risk and lowering the specificity of the rule. Also, some physicians reported a preference for the Ottawa Ankle Rules, which have a low specificity in children and thus frequently recommend imaging. 4, 25, 26 Finally, family preference for radiography was reported as a driver to opt out of rule recommendations in some cases.
Our findings support application of knowledge translation strategies in pediatrics that have been previously successful in similar studies applied to adults. 11, 14, 17 Further, we introduced a new computerized decision support system. Clinicians found the system easy to use and preferred it to the paper data collection form in almost 90% of cases. The decision support system obviated the need for memorizing the rule, given that rule recall has previously been found to be a source of error in rule application or to result in a lack of willingness to use the rule. 27 Therefore, systems like this may facilitate the use of clinical prediction rules in a busy emergency department sufficiently to justify the costs of development and implementation.
Limitations
A convenience sample of participating sites was selected and allocation was not randomized, which may have introduced bias in the treatment effect and performance of the ankle rule. Among children who had neither radiography nor clinical follow-up, we cannot exclude the possibility of a missed high-risk injury, although no missed high-risk injuries presented at the study institutions. Because of the sample size, the study may have failed to detect important differences in the secondary outcomes. During phase 1 at the intervention sites, physicians completed study forms, which may have led to an observer effect. Finally, because this study was carried out in Canada, one cannot assume these findings to be generalizable to jurisdictions where the medicolegal climate might have a greater influence on physicians' behaviour.
Conclusion and implications for practice
The implementation of the Low Risk Ankle Rule led to a significant decrease in imaging, with no associated increase in clinically important fractures being missed or decrease in patient or physician satisfaction. The ankle rule has potential broad applicability to emergency departments throughout most of the developed world, and widespread implementation of this rule could safely lead to reduction of unnecessary radiography in this radiosensitive population and a more efficient use of health care resources.
